The experiment reported here, performed by advanced undergraduates as a final laboratory work, was intended as an example of the application of the electricity theory to solve problems related to environmental physics. In particular, the aim of the work was to show how we can get the electrical image of the soil and detect the presence of buried structures from simple geoelectrical measurements. First, we developed scale models in the laboratory to recognize the electrical responses of different layered structures and to evaluate the sensitivity of the method and we interpreted the results using one-dimensional inversion codes. Then we proposed a configuration which permitted simulating a buried pipeline and analyzed the electrical response applying a simple two-dimensional numerical code. Finally, we performed field work in order to compare the results with ones obtained through the laboratory scale models.
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I. INTRODUCTION
The geoelectrical method, contrary to other geophysical methods, is simple enough to be introduced to undergraduate students who have finished an introductory electromagnetism course ͑see, e.g., Ref. 1͒. This prospecting method gives electrical images of the shallow earth structure, which in turn makes it potentially useful for a wide range of environmental applications, e.g., characterization of aquifers, estimations of water quality, evaluation of confinement sites, localization of buried structures ͑archaeological ruins, tunnels, mines͒, etc.
The application proposed here was the detection of buried structures, in particular as applied to finding the location of a pipeline route.
First, an introduction to the method was required. This implied the solution of a theoretical problem which has, after some simplifications, an analytical solution. It is necessary to take into account the electrical characteristics of the Earth in order that this method be effective. Solving this problem gives an insight into the magnitudes that must be measured and their correlation.
After this step, the students were prepared to design and implement the device for performing the scale measurements in the laboratory. First, we discussed the resolution of the problem when the medium is homogeneous, and, second, for a layered horizontal medium. In particular, we focused our attention on a model consisting of two layers and used a one-dimensional ͑1D͒ inversion code to analyze the results. Then we buried an iron cylinder in a homogeneous medium and treated this model as an approximation for buried pipelines. In this case we applied two-dimensional ͑2D͒ codes to simulate the electrical responses.
Finally, we performed field work in a zone where the route of a pipeline system was known, with a 2-m lateral ambiguity at most. This made it possible for us, once the data were acquired and analyzed, to compare the results with the actual location.
II. THEORY
The geolectric or electrical resistivity method is one of the most common techniques for surveying the shallow structure of the Earth. When a direct current, I, is injected through a pair of electrodes, the Earth produces a response due to its electrical characteristics in such a way that the voltage measured between two other electrodes, ⌬V, depends on the electrical resistivity distribution of the soil. Different configurations for the electrode deployment are used; in the present work we chose the Schlumberger configuration. It is a linear array, symmetric with respect to the center O, with potential electrodes, M and N, placed close together and the outer current electrodes, A and B, separated at a distance generally larger than three or four times the distance MN ͑see Fig. 1͒ . An electrical sounding at site O consists of measurements of ⌬V and I as the current electrode distance, AB, is increased. This means that the current will travel progressively deeper through the ground and the successive measures should reveal the variations of resistivity with depth.
If the medium is homogeneous, or even a layered structure, the relation between I and ⌬V can be easily obtained by solving Maxwell equations for the stationary case ͑e.g., Refs. 2 and 3͒. As all the time derivatives vanish, the electric field E satisfies "ϫEϭ0, ͑1͒
which implies that a scalar potential, V, exists such that
EϭϪٌV. ͑2͒
The current density, J, and the electric field are related through Ohm's law,
JϭEϭ͑1/ ͒E, ͑3͒
where and are the conductivity and resistivity, respectively, of the medium, assumed to be isotropic. Then, as
at every point except at the two point sources ͑A and B͒, it follows that
There are two boundary conditions that must hold at any contact point between two regions of different conductivity:
where E t and E n are the electric field tangential and normal, respectively, to the interface between two regions characterized by different conductivities, 1 and 2 . Then, if we consider the configuration shown in Fig. 1 , it is easy to obtain, solving Eq. ͑5͒ with boundary conditions ͑with E n ϭ‫ץ‬V/‫ץ‬zϭ0 since air ϭ0͒ and adding the source term, that
where ⌬V is the difference in potential between two points ͑N and M͒, I is the current injected by the two current electrodes, and k is a geometrical factor that depends on the array of the electrodes, which in this case is given by
Actually the ground is not homogeneous; sometimes it can be approximated by a layered model ͑1D structure͒ but most frequently the structure presents 2D or even threedimensional ͑3D͒ features. In all cases an apparent resistivity, app , is defined as
The apparent resistivity is the experimental variable that expresses the results of the measurements. The results are displayed in plots ͑ app vs OA͒ that contain information related to the variation of actual resistivity with depth. In the homogeneous case, app is equal to the actual resistivity and of course it is a constant.
To interpret these measurements, Laplace's equation must be solved in each layer with the corresponding boundary conditions at the interfaces. For an n-layer structure, an analytical expression is obtained for app , 3 that is to say that ⌬V is calculated as a function of I for a given configuration and with these values a theoretical app is calculated ͓or the theoretical k, given by Eq. ͑8͒, for this configuration͔ that includes the electrical properties of the media. Though the calculation may be tedious, it is easy to follow and represents an example of a boundary problem.
For more complex media, the concept of apparent resistivity is still useful, though its interpretation may not be so immediate. In these cases, a theoretical structure is proposed ͑for 2D models with a symmetry axis͒, the relation ⌬V/I is calculated, and with this result the value of app is found.
For stratified media ͑1D͒, app depends on the electrical resistivity and the thickness of each layer. It can be shown from the theoretical calculation of the n-layer response that when we deal with media of large resistivity contrasts, the curves of apparent resistivity present different slopes; thus a positive slope is associated with penetration into a region of higher resistivity while a negative slope indicates lower resistivity.
3 For 2D and even 3D without symmetry axis structures, the apparent resistivity curves will also depend on the geometrical parameters defining the structure.
III. SCALE MODELS
As stated previously, the objective of this work was to introduce undergraduate students to a geophysical method by performing measurements in the laboratory, and after that, adding field work in order to compare with the results found in the laboratory.
The experimental device used was a rectangular sink (45 cmϫ60.5 cm and 33 cm deep͒. We worked with four stainless steel electrodes of very small dimensions. The electrode deployment used was the Schlumberger array. We used a HP E3612A power supply and multimeters to measure potential and current. A simple test of the scale model can be made using water as a homogeneous medium ͑see Fig. 2͒ . The apparent resistivity does not depend on the current electrode separation ͑OA͒, as expected from the theoretical prediction. It may also be seen that for values of OA up to 10 cm, there are no border effects which could distort the curves. Then, we considered this value as a safe upper limit to avoid distortions from any borders, including the bottom. It has to be taken into account that the depth of the sink was about 30 cm, three times greater than the largest separation of the electrodes.
The study of layered media was restricted to a system of only two layers. We expected to detect a change in the apparent resistivity slope. Because of it we needed two media of highly contrasting electrical resistivity. We chose water and sand; the deeper layer, sand, was 15 cm thick, and we varied the thickness d of the water layer. In Fig. 3 we show the measurements for dϭ16 cm ͑a͒, 12 cm ͑b͒, and 5 cm ͑c͒, respectively. Figure 3͑a͒ clearly exhibits a range of values for OA in which the apparent resistivity is almost constant around 50 ⍀ m, which would correspond to the water resistivity observed in Fig. 2 , and for larger values of OA, depending on the thickness d, there is an increment in app due to the deep sand layer. On the other hand, when the first layer is thinner ͓Figs. 3͑b͒ and 3͑c͔͒, the effect of the resistive structure is detected at smaller values of OA.
How can this scale model be checked? In geophysics, one of the most common problems is to determine the subsoil structure using the data measured at the surface. There are many numerical methods that, given a set of input data, enable the calculation by iterative methods of the optimal structure for the situation that is being studied. These are inversion methods. The inversion of 1D data ͑layered structure͒ is a common technique and does not introduce any problem. 3, 4 We used the method developed by Jupp and Vozoff 5 to analyze the apparent resistivity curves shown in Fig. 3 . The electrical models obtained after the inversion of the data were:
and the corresponding theoretical responses are shown also in Fig. 3 . It may be seen that the electrical model obtained from the inversion of the data is consistent with the actual configuration.
In order to study the response of a 2D structure, we submerge a metal pipe ͑a cylinder of 2 cm diameter and 60.5 cm long͒ at a depth of 1 cm. The way to evaluate the resistivity for a 2D structure is quite different from the 1D case. The apparent resistivity when changing the center of the array of electrodes must be measured. Each center is usually called the ''station.'' We want to analyze the distortions produced by the pipe on the app vs OA curves, compared with the responses of the homogeneous media.
We took measurements along a ''profile'' perpendicular to the pipe; this profile consisted of nine sites, five at each side, S0 just over the pipe, and the further one, S5, at 16.5 cm. Figure 4 shows the result ͑as expected, the results are symmetrical respect to the center, so only curves corresponding to S0-S5 are shown; S1, at 1 cm, is not included since it is quite similar to S0͒. We can see that between stations S0 and S2 ͑at 3.5 cm͒ the apparent resistivity undergoes the largest variation. The distortion produced by the pipe on the apparent resistivity curves cannot be detected at stations S0 and S1. This is because the smallest MN value allowed by our experimental device, 2.0 cm, is larger than the depth of the submerged pipe. To prove this assertion we immersed the pipe at a 5 cm depth and repeated all the measurements. In this case, the pipe is clearly detected also at station S0 ͑see The data corresponding to each station can be used to display a profile of app vs OA in a direction normal to the pipe. These graphs are called ''pseudosections'' and, though they are not the actual resistivity distribution, they give a first insight about the behavior of the structure. Figures 6͑a͒ and  7͑a͒ show the pseudosections for the pipe immersed at 1 and 5 cm, respectively.
But how can the resistivity distribution be obtained? In 2D structures the problem of calculating the resistivity is quite difficult. In this case we analyze the data using a forward simulation code that, given a structure, enables the numerical calculation of the pseudosection. Then we can compare both pseudosections and validate or not the structure proposed. This process is different from an inversion, as was done in the one-dimensional case. To interpret the pseudosections, we used a numerical method based on a finite element technique that permits calculating the theoretical response for the structure which represents the actual configuration.
6 This 2D analysis is not difficult to follow and the code can be downloaded from the Web.
The structure used for theoretical calculations was a hollow cylinder conductor body submerged in a homogeneous media. In this way we reproduce the conditions of the scale model built in the laboratory ͓see Figs. 6͑b͒ and 7͑b͒ , respectively͔.
IV. FIELD MEASUREMENTS
The final part of the work was the application of the skills learned in the laboratory to real geoelectrical soundings. The sounding was performed near Pigüe, Province of Buenos Aires, Argentine. The existence of a pipeline in that zone was known due to previous works, 7,8 so we could compare the results of the scale model. Obviously in the field, the medium is not homogeneous, but it is still possible to analyze the resolution of shallow structures provided by the method.
We designed a ten sounding ͑stations͒ profile perpendicular to the actual orientation of the pipe. The measurements were made using a Schlumberger array. The stations were at a distance x from the original center, ranging from 20 m in a southwest direction to 10 m in a northeast direction. We used the same equipment as in the laboratory plus a power generator. The current electrodes were stainless steel rods 30 cm long and 7 mm diameter for separations less than 2 m and rods 50 cm long and 2 cm in diameter for longer distances. To measure the potential, the stainless steel electrodes were used for small separations but they were replaced by Cu/CuSO 4 electrodes for greater separations, because they proved to be more stable. Nevertheless, this is a refinement to obtain high-quality data; considering the objective of this experiment they are not a necessary requirement and then the stainless steel electrodes can work well within the whole range of measurements.
The approximate position and direction of the pipeline was known a priori by the presence of markers. In each station of the profile, we performed measurements parallel and perpendicular to the pipeline axis. OA varies from 25 cm to 100 m in most cases.
One of the most important features of a 2D structure is the discordance between the parallel and perpendicular measurements of a station. When these soundings almost coincide, we can assume that we are dealing with a one-dimensional structure. We would expect to find the distortion due to the pipeline by analyzing the differences between parallel and perpendicular measurements in stations close to the estimated position of the pipeline ͑see Fig. 8͒ . At S0 the effect is poorly detected, while the curve at S3 (xϭ3.5 m) exhibits a remarkable difference between the parallel and perpendicular soundings. This effect diminishes in station S5 (xϭ10 m) placed far away from the center of the pipeline and disappears in the plot corresponding to station S6 (xϭ20 m).
To model the electrical characteristics of the pipeline, we proposed a conductor cylinder with a resistivity nucleus that represents the resistive gas fluid. The depth was 1 m and the diameter 1.2 m. Then we needed to know the structure of the subsoil where the pipeline was buried, to calculate the theoretical response and to compare with the measured pseudosection profile. So we inverted the data corresponding to station S6 ͓Fig. 8͑b͔͒ that presents all the features of a onedimensional structure. The resulting structure is given by a four-layered model:
( 1 5 Ϯ1)
We used this result to obtain the theoretical response. Figures 9͑a͒ and 9͑b͒ show the measured and the calculated pseudosections, respectively. We can conclude that obviously in the field there is not the symmetry presented by the theoretical response. But the agreement in the distribution of apparent resistivity is amazing. Using the data measured and the similarity in both profiles, it is possible to estimate the position of the pipeline: 1.6 m in a southwest direction.
V. CONCLUSIONS
In most cases, the basic problems of the geoelectrical method can be solved using simple techniques of electromagnetic theory. This method could be an interesting and simple approach to an actual application of geophysics. Furthermore, this problem is ideal for undergraduate students. Because of its simplicity it enables the students to understand directly how electromagnetic theory works.
The theoretical results can be easily checked in the laboratory using low budget equipment. The measurements are performed on scale models that must reproduce the ground features. As it is possible to compare the results with the theoretical predictions, it is possible to improve the device in order to optimize the quality of the measurements and avoid distortions resulting, for instance, from boundary effects, low contact resistance, electrode verticality, etc. Furthermore, this stage was useful as training for field work. Finally, field Fig. 8 . Parallel ͑squares͒ and perpendicular ͑open upper triangles͒ apparent resistivity data obtained in the field along a profile perpendicular to the pipe, at ͑a͒ S0, xϭ0, ͑b͒ S3, xϭ3.5 m, ͑c͒ S5, xϭ10 m, and ͑d͒ S6, xϭ20 m. In ͑d͒ the results corresponding to the 1D fitting ͑full line͒ are also shown.
work was useful for contrasting with actual data. Just as it is possible in the laboratory to improve the devices for optimizing curves, the methods must be adapted when handling actual data in order to achieve a correct interpretation.
An additional objective is to introduce physics students to applications. At least in our universities, initial physics studies are characterized by highly theoretical contents mainly oriented to basic themes, without experimental and interdisciplinary applications. This proposal is thus intended as an attempt to remedy this failure, even in a rudimentary way and in a very specific area.
